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I SUWRY 
The s l l d l n g  f r l c t l o n  and w a r  of the  SIC-nlckel based a l t a r  IN-718 couple 
h 
0 t o  800 'C. I t  was found tha t  the coe f f l c l en t  o f  f r l c t l o n  vas 0.6 up t o  350 'C 
m 
W 
under l l n e  contact t e s t  condlt lons I n  atnosphtr lc a l r  a t  a l l a e a r  v e l o c l t y  o f  
0.18 Wsec and a load of  6.8 k g  (67 N) ws lnvest lgated a t  tcrmperatures of  25 
then decreased t o  0.3 a t  500 and 800 'C. 
decrease I n  the f r l c t l o n  I n  the range of 350 t o  550 .C I s  due t o  the lub r l ca -  
t l o n  value of owldatlon products. The wear r a t e  reaches a mlalrarsa o f  1x10-10 
t o  2x10-10 cd/csr/kg a t  400 t o  600 'C. 
c 
It I s  suggested t h a t  t h e  sharp 
t 
INTRODUCTID# 
S l l l c o n  carbtde and other ceramic materlals a re  cu r ren t l y  recelwlng much 
a t t e n t i o n  f o r  use I n  hlgh temperature areas of  heat englnes and o ther  energy 
canverslon systems ( re f .  1). 
contact w i t h  themselves or  other mater ia ls  can be expected. 
I n  s o w  o f  these appl lcat lons sltdtng o r  rubblng 
The purpose o f  the  present lnves t lga t lon  was t o  measure t h e  f r l c t l o n  and 
w a r  of  s ln tered alpha SIC I n  s l l d l n g  contact w l t h  the nlckel-bared a l l o y  
IN-718 a t  25 t o  800 .C I n  a tmsphcr lc  a l r  a t  a load of 6.8 kg ( 6 7  W )  and a 
l i nea r  s l l d l n g  ve loc l t y  o f  0.18 m/sec. A double rub block t e s t  arachlne w i t h  
l l n e  contact o f  the s t a t l c  SIC blocks pressed agalr?st the c l r c ~ f e r e n t l a l  sur- 
face of a r o t a t l n g  11-718 d lsk was used. F r l c t l o n  and wear &re repor ted and 
the s l l d l n g  surfaces were examlned by Scannlng Elect ron Rlcrascape (SEN) and 
Energy Olsperslve X - r a y s  (EDX) .  
BACKGROUND INFORMATION 
S l l d l n g  w e f t  and f r l c t l o n  of  po l yc rys ta l l l ne  and s ing le -c rys ta l  SIC 
agalnst I t s e l f  and other ceramic and meta l l l c  mater la ls  under a wlde v a r l e t y  
o f  condt.ims has been reported ( re f s .  2 t o  9). A b r l e f  r e v l w  o f  a f e u  
selected s r t l c l e s  under several condltlons fol lows. The wear r a t e  and f r l c t l o n  
of  s ln te red  po lyc rys ta l l l ne  alpha SIC s l l d lng  agalnst I t s e l f  In. a l r  a t  room 
temperature a t  a s l l d l n g  ve loc l t y  o f  0.5 t o  1.4 m/sec and a load o f  22.7 kg 
(225 ti) i n  a r l n g  t e s t  I s  10-6 t o  10-7 cm3/cm/kg and the c o e f f t c l e n t  o f  f r l c -  
t l o n  1 s  0.41 t o  0.44 ( r e f .  2) .  Even though run a t  room temperature f r l c t l o n a l  
heating ra lsed the general contact area t o  350 'C i n  5 t o  6 min o f  s l l d l n g .  
(Other studles have measured asper i ty  contact temperatures f o r  d r y  s l l d l n g  
(S13H4 on sapphire) as hlgh as 2700 'C ( r e f .  3 ) . )  The surface oxygen con- 
ten t  increased from 0.1 w t  % l n l t l a l l y  t o  0.6 t o  10.6 Ut % a f t e r  t e s t ,  the  
' 
I. 
hlgher oxygen was a t  the hlgher s l l d l n g  ve loc l t l es .  Thls lnd lcates ox lda t lon  
o f  the SIC t o  form 5102 coated gralns. Thus, a f t e r  a short tlm, s l l d l n g  was 
St02 agalnst  Sl02. 
were ob 'erved. 
room tmpera tu re  reveals tha t  the  coe f f l c l en t  o f  f r l c t l o n  t s  re la ted  t o  the 
r e l a t l v e  chemlcal a c t l v l t y  of the  = t a l  ( r e f .  5). I n  vacuum the more ac t l ve  
the  metal the hlgher the coe f f l c l en t  of f r l c t l o n .  I n  vacuum Al,Tl,Cu,Wl.Co,Fe, 
Rh, and W a l l  t rans fer  t o  the SIC surface I n  s l ' l d lng  contact. T l  and A1 whlch 
have stronger chemlcal a f f h l t y  f o r  SlC (smaller d-character o f  t he  raetal bond) 
( re f .  6) and lower theore t lca l  shear strength ( r e f .  6) exh lb l ted  t h e  greatest  
amount o f  t rans fer  t o  the  SIC I n  vacuum. SIC wear debrls, produced by b r l t t l e  
f rac tu re ,  causes grooves and lndentatlons I n  the  surface o f  both t h e  metal the 
S i c  ( r e f .  5). 
Evldence of p l a s t t c  deformation, cracklng, and ploughlng 
S l l d l n g  of  s lng le -c rys ta l  S I C  agalnst po lyc rys ta l  l l n e  metals I n  vacuum a t  
Surface contarnlnates p lay a la rge  r o l e  I n  the s l l d l n g  o f  SIC agalnst 
metals because they a l t e r  the chemlcal and rscchanlcal behavlor o f  the surface 
( re f .  6). 
S I C  i n  h lgh  vacuum a t  temperatures t o  250 O C  the  c o e f f l c l e n t  o f  f r l c t l o n  
rernalned low due t o  the presence of absorbates such as oxygen and carbon 
o r l g l n a l l y  on the surface of the SIC. Then the  coe f f l c l en t  Increased r a p l d l y  
w l t h  lnc rear lng  temperature I n  the  range o f  400 t o  800 *C wh l le  the absorbed 
carbon contanlnant decreased rap ld ly .  Thls la rge  Increase I n  the c u e f f l c l c n t  
above 400 *C l s  due t o  the loss o f  surface absorbed contamlnates. Above 800 O C  
the  c o e f f l c l e n t  decreased rap ld l y  w l t h  r l s l n g  temperature. This was cor re la ted  
w l t h  the  g raph l t l za t l on  o f  the SIC surface. 
For a sput ter  cleaned i r o n  surface s l l d l n g  agalnst s lng le -c rys ta l  
F r l c t l o n  and wear o f  po l yc rys ta l l l ne  SIC s l l d l n g  agalnst po lyccys ta l? lne  
meta? a l l o y s  l n  a l r  a t  room temperature t o  800 O C  l n  a va r le t y  of t e s i  contact 
geometries has produced a d l v e r s l t y  o f  resu l ts  whlch i n  essence say t h a t  the 
r e s u l t s  a:e dependent on the a l l o y  and t e s t  condlt lons ( re f s .  7 t o  9). I n  
general the c o e f f l c l e n t  o f  f r l c t l o n  decreases w l t h  an Increase i n  terr;.perature 
due t o  the formatlon of  more or less lubr lca t lng  metal oxldes I n  the s l l d l n g  
contact. These ox ldrs  are the r e s u l t  o f  the  
ox lda t lon  o f  the S I C  and metal. 
always lead to less wear o f  the couple. 
Thls 1s o f ten  ca l l ed  'glazing.' 
The presence o f  t h l s  oxlde scale does not  
Several oxldes have been tested f o r  l u b r l c l t y  I n  metal s l l d l n g  couples 
( r e f .  9). The fo l low lng  l i s t  l s  arranged I n  the order of lncreas lng l u b r l c l t y :  
N l O , F e ~ 0 ~ , C r ~ 0 ~ , W 0 ~ , C u ~ O , Z n O , C o ~ O ~ , M o O ~ ~ P b O  
It was observed tha t  as the l u b r l c l t y  of these oxldes Increased t h e t r  hardness 
decreased. 
A f eu  comnents on the ox ldat lon and reac t lon  o f  S I C  and IN-718 are t n  
order because of  the known and poss lb le  In f luence of  reac t lon  and ox lda t lon  
products on the t r l b o l o g l c a l  properttes of s l l d l n g  contacts i n  a l r .  I n  pas- 
slve, Isothermal, nonsl ld lng ox lda t lon  o f  S I C  without excess ( f ree )  S1 an 
adherent, p ro tec t lve  S102 f l l m  i s  formed on the gralns. Growth r a t e s  o f  
these f l l m s  f o l l ow  parabolic k l n e t l c s  whlch lmpl les d l f f u s l o n  cont ro l .  Thls 
process proceeds by Inward d l f f u s l o n  o f  oxygen through the SI02 f l l m  where 
I t  reacts w l t h  the SIC t o  produce more S102 and CO gas. The gaseous CO d l f -  
fuses outward and I s  the r a t e  con t ro l l l ng  step ( r e f .  10). A reglon o f  s l l l c o n  
2 
oxycarblde Is formed between the  surface SI02 scale and the  carblde. It can 
be speculated tha t  the rubblng contact o f  a s l l d l n g  couple u l l l  rupture the  
p ro tac t l ve  St02 f l l a  o f  even scrape I t  o f f  and t h l r  my lead t o  accelerated 
oxldatlon. 
#any S lC  products conta ln  f r e e  s l l l c o n  t o  the extent o f  14 t o  24 vo l  X 
( re f .  11). The morpholcgy l s  t y p l c a l l y  angular S I C  gralns dlspersed l n  a 
asatrlx o f  s l l l c o n .  Oxldatlon o f  s l l l c o n  l s  s lm l la r  t o  tha t  o f  SIC ( re f .  10). 
I t  can be surnlsed tha t  the ox ld l r cd  surface o f  the c q o s l t e  u l l l  bo more 
heav l l y  coated u l t h  SI02 and,&??fs may lead t o  a t r l b o l o g l c a l l y  d l f f e r e n t  
surface. * .. ;, 
- 
C r y s t a l l i n e  St02 ex i s t s  as several po lymrph lc  forms and each has 
several c r y s t a l l l n e  rnodlflcatlons. Large and o f t e n  rap ld  volume changes are  
associated w l t h  these c r y s t a l l l n e  t rans formt lons  from one modl f lcat lon t o  
another. 
wlth a volume expanslon o f  1.6 percent. I t  has been reported ( r e f .  12) t h a t  
a t  and above the alpha t o  beta quartz t r a n s f o r m t l o n  temperature a sudden and 
la rge  increase occurs I n  the f r l c t l o n  o f  a s l l d l n g  metal couple coated w l t h  
f l n e  alpha quartz pouder. 
Oxldatlon of  Wl I n  isothermal and passlve, non r l l d lng  condlt lons a l so  
proceeds by parabolic k l n e t l c s  whlch a lso  lmplles d l f f u s l o n  cont ro l  o f  the  
growth r a t e  of  the Wl0 scala ( r e f .  13). 
other elements as Fe,Cr,Wb,Tl and etc. the r a t e  and the nature o f  the oxlde 
scale i s  m d l f l e d .  I n  
general the  add l t lon  o f  small amounts o f  a l loy lng  elements ( 4 0  ut x) t o  Nl 
Increaser the ox lda t lcn  rate. A t  greater amounts (>IO w t  x, especla l ly  C r ) ,  
the  ox lda t lon  rcslstance cdn be improved. However, In the case o f  a r l l d l n g  
contact l t  can be suggested tha t  the r a t e  of  ox lda t lon  of  the a l l o y  may be 
changed due t o  the sl:dlng forces. 
r a t e  due t o  removal o f  the pro tec t ive  scale from the metal. On the other hand, 
g l a r l n g  ( v l t r l f l c a t l o n )  o f  the surface oxlde may be produced by the sl ' ldlng. 
Thls v l t r l f l e d  glaze may ac tua l l y  have a lower wear ra te  and a f f e r d  s u p r l o r  
ox lda t ion  pro tec t lon  compared t o  the undlsturbed c r y s t a l l t n e  oxlde scale. 
Also. the surface coi iyaslt lon may be a l tered by the s l t d tng  ac t l on  such as MI0 
may be the primary scale I n  s l l d l n g  and Cr2Og or  o ther  oxldes i n  s t a t l c  
condl t l  ons . 
Studles of SIC and a l l o y  (IN-718) reactlons have been made uslng s t a t l c  
reac t lon  couales I n  l l m l t e d  oxygen atmospheres ( re fs .  14 and 15). 
l nd l ca te  extenslve react lon as low as 700 *C between SIC conta ln lng f r e e  S I ,  
bu t  only l l m l t e d  react lon even a t  1000 'C wlth SIC contalnlng no f ree  S l .  
For example, alpha quartz rap ld ly  transforms t o  beta quartz a t  573 .C 
For the a l l o y  IN-718 uhlch contalns 
Spinels and other oxldes as u e l l  as #IO are  formed. 
On one hand t h l s  s l l d l n g  may Increase the 
The r e s u l t s  
EXPER IHLNTAL 
A double rub block wear and f r l c t l o n  apparatus was used f o r  a l l  tes ts .  
Figure 1 Is a photograph wh!ch shows-the geometry of the c r l t l c a i  parts. Tu9 
rub blocks are pressed ag8lnst the ro ta t i ng  d lsk by pressur lz lng the bellows 
and the f r i c t i o n a l  torque i s  transmltted v la  the torque arm t o  a measurlng and 
support system. A l l n e  contact w l t h  the blocks and the d lsk  1 s  produced and 
t h l s  l l n e  Is mln ta lned  by the plvot'rng block nolders. The d lsk i s  3.492 cm 
diameter and 1.28 cm th fck  and the rub blocks are 2.22 cm long by 0.63 cm wlde 





Induc t lon  heatlng l s  used t o  b r l ng  the dlsk t o  the t e s t  temperature. The 
temperature o f  the d isk  surface I s  measured by an o p t l c a l  pyrometer. 
A l l  determlnatlons are made In atmospheric a l r  a t  amblent pressure w i t h  a 
r e l a t l v e  humldlty of 45 t o  55 percent. 
(67 W )  and the s l l d l n g  ve loc l t y  1s 0.18 m/sec. 
The s l l d l n g  surface o f  the IN-718 
dlsk I s  pollshed f i r s t  w l t h  a dry  f e l t  c l o th  and lev lgated alumina then r insed 
w l t h  d l s t l l l e d  water. Wext l t  1s pollshed agaln w l t h  a water wet c l o t h  a:id 
lev iga ted  alumlna then r lnsed u l t h  d l s t l l l e d  ua ter  and rubbed w l t h  a clean f e l t  
c l o t h  and f l n a l l y  r insed w l t h  water followed by ethanol and dr led.  The rub 
blocks a re  used as recelved w l t h  on ly  an ethanol r l nse  t o  r o v e  surface 011s. 
The a r l t hen lc  mean surface roughness (Ra) o f  both blocks and the  d lsk were 
measured. A f te r  assembly o f  the  t e s t  apparatus the l l n e a r  s l t J l n g  v e l o c l t y  I s  
set  bu t  t he  rub blocks are not loaded. The lnduet lon generator 1 s  turned on 
and the d l sk  surface i s  heated over a 15 n l n  per lod t o  t he  t e s t  temperature. 
Both blocks are n w  pressed agalnst the revolvlng d lsk  by prersur lz lng  the  bel -  
lows and the f r l c t l o n  force l s  recorded over a per lod of 60 mtn. A f t e r  the  
t e s t  the blocks and d lsk a re  allowed t o  cool t o  room temperattrr?. then removed 
and the wear debr ls  co l lec ted  and stored. 
Each rub block I s  loaded t o  6.8 kg 
A determlnatlon Involved the fol lowlng: 
A f t e r  t e s t  several measurements are made on the blocks and d lsk f o r  the 
purpose o f  detera ln lng the roughness and the wear volumes. The surface rough- 
ness (Ra) I n  the wear t rack  o f  the d lsk and wear scar o f  the blocks I s  meas- 
ured. Thls measuren;ent i s  made a t  a r l g h t  angle t o  the wear d l rec t lon ,  t h a t  
I s ,  across the t rack o r  scar. A prof l lometer t race a t  four  locat lons on the 
wear t rack o f  the d lsk I s  made. I n  a s lml la r  way three t races  are made o f  the 
wear scar on the  S I C  blocks, one made a t  each end and the  center o f  the scare. 
From the l a t t e r  measurements the  wear volume o f  the blocks and d lsk are deter-  
mlned. From the prof l lometer  t r a c e s  squares are  counted t o  ob ta ln  tbe area and 
then m u l t l p l l e d  by the length t o  obta ln  the wear volume. 
Wear factors  were ca lcu lated f r o m  profl lometer determlned wear volumes by: 
Near clclume ( c d ) / s l l d l n g  distance (cm)/load (kg) 
t h l s  value I s  the average wear ra te,  K, over the t e s t  duratlon. Since the 
s l l d l n g  dtstance, ve loc l t y  and load are malntalned constant these wear ra tes 
w l l l  be :bed f o r  comparatlve purposes. 
A l l s t l n g  o f  the nomlnal composltlons of  IN-718 a l l o y  and the s ln tered 
a S I C  are presented I n  tab le  I. 
measured welght and volumes o f  the machlned b'iocks. S I C  i s  97.5 percent of 
t heo re t i ca l  densl ty  l nd l ca t l ng  some poroslty. Thls poros i ty  l s  c l t a r l y  evident 
i n  the photomlcrograph of the pol lshed cross-section I n  f l g u r e  2(a). 
magnl f lcat lon SEH photograph o f  the as machlned surface o f  a SIC rub block i s  
glven I n  f l g u r e  2(b), t h l s  I s  the morphology o f  the s l l d l n g  t e s t  surface. 'he 
la rges t  pores i n  t h i s  surface are about 5 pm l n  dlarneter. The gralns have the 
appearance of elongated cy l lnders wI th  a f la t tened surface caused by machlnlng. 
The elongated o r  c y l l n d r l c a l  g ra ln  s t rvctore (aspect r a t l o  3.2) and a nomlnal 
g r a i n  s lze  of  4 pm i s  reported as t yp i ca l  f o r  s ln tered a-SlC ( r e f .  11). The 
surface roughness (Ra) o f  the S I C  rub block t e s t  surface i s  0 . 3  pm (12 p in . )  
and the IN-718 I s  0.2 pm ( 8  p ln . ) .  The Knoop mlcrohardness o f  the IN-718 a t  
an Indentor load of  100 g (1  N) I s  5 1 7 ~ 4  kg/mn2 a t  room temperature ( r e f .  11) 
The S I C  bulk densl ty  I s  calcu lated from the 
A dual 
d d 1800 k g / d  a t  800 'C ( r e f .  16). The Kn 
surface shorn I n  f l gu re  2(a) k t  an lndentor 
a t  r G m  temperature. 
op hardness of  the  pol lshed S I C  
Dad o f  200 g ( 2  N) i s  2418 kg/m2 
RESULTS AND DISCUSSION 
F r  I c  t lon 
Ftgure 3 I s  a p l o t  of the coo f f l c l en t  o f  f r t c t l o n  I n  r e l a t i o n  t o  s l l d l n g  
dtstence f o r  several cuuplts a t  temperatures of  25 t o  800 .C. 
of f r i c t l o n  o f  the SIC-I# 718 couple s ta r ts  out a t  about 0.4 a t  both 25 and 
350 *C then Increases t o  almost 0.6 a t  300 m then remalns constant. However 
a t  550 and 800 .C I t  s t a r t s  near 0 . 3  and remalns there. Visual cxamlnatlon o f  
the d l sk  a t  350 .C lnd lcates no ox lda t lon  ta rn l sh  layer  wh l le  a t  550 and 800 'C 
a b r m l s h  colored ta rn l sh  layer  l s  present. Thls suggests tha t  the t a r n l s h  
o r  oxlde layer  present a t  550 and 800 .C I s  the cause f o r  the decreased f r t c -  
t l o n  a t  these temperatures. 
The c o e f f l c l e n t  
Addl t lonal  ln format lon about a l l o y  element t rans fer  was obtalned by c loser  
cxamlnatlon o f  the d lsk  wear t racks and t h e  S I C  wear scars by SEN and EDX meth- 
ods. Figures 4 and 5 Include SEN photographs and L D X  f o r  51 and l d l  along the  
scan l l n e  across the d lsk wear tracks a t  350 and 550 O C ,  respectively. A l l  the 
a l l o y  elements show the same r e l a t i v e  l lnear  d l s t r l b u t l o n  so on ly  the NI ele-  
ment i s  shown. Both f lgures l nd l ca te  t ransfer  o f  S i  from the S I C  a t  numerous 
streaked areas. 
F lgurcr  6 and 7 are S E N  photographs and E D X  I l n e  scans across the wear 
scars on t h t  S f C  and both show d lsk  element t ransfer .  A study of  the SEH's as 
w e l l  as the #?lernent d l s t r i b u t l o n s  glves the lmpresslon tha t  the a l l o y  elements 
are more ebuildant I n  the wear scar a t  550 'C than a t  350 O C .  Thls l s  espe- 
c l a l l y  t r u e  I f  one assums t h a t  the small I s land i n  the f l g u r e  8(a) SEM i s  a 
remnant o f  the surface t rans fer  a l l o y  elements tha t  o r l g l n a l l y  more extenslvely 
covered the scar before spa l l l ng  o f f  on coollng. The general lack o f  S i  i s  
taken as an l nd l ca t l on  of  more extenslve a l l oy  element t rans fer .  S l l l c o n  from 
the underlaylng SIC I s  absent due t o  cover up by the t ransferred a l l o y  elements 
t o  such a depth tha t  the electrons of  the beam does not penetrate. Cornparlson 
o f  the  S E N  images I n  f igures 8(a), 9(a), and 10(a) shows the Increa!? I n  a l l o y  
t rans fer  w l t h  r l s l n g  temperature. Br igh t  areas I n  the back sca t te r  e lec t ron  
images are  a l l o y  t rans fer  regions. 
apparent but  a la rger  Increase I s  evident from 350 t o  500 'C. Thls lmpresslon 
o f  more extensive a l l o y  element t rans fer  I s  re in forced by the resu l t s  l n  f l g -  
ure 11 a t  the  edge o f  the S i c  wear  scar a t  550 O C .  There 1s a h igh concentra- 
t i o n  of  N l  and C r  I n  the wear scar. From t h l s  lnformatlon I t  can be concluded 
tha t  greater a l l o y  t rans fer  occurs a t  5SO 'C than a t  350 'C and t h l s  may lead 
t o  the lower f r i c t l c v  observed a t  550 'C. 
From 25 t o  350 O C  a small Increase I s  
The above lnformatlon, w i t h  the  exception of the observed ta rn l sh  layer ,  
glves no l nd l ca t l on  o f  whether or not the t ransferred elements are ,oxldlzed. 
XRD resu l t s  o f  the wear debrls and oxygen d t s t r l b u t l o n  determlned by EDX l n d l -  
cate t h a t  ox ldnt lon has occurred. A t  both 350 and 550 'C S I C ,  Mi0 and other 
un lden t l f l ed  phases were  detected i n  the wear debrls by XRD. 
narrow and sharp, however, the N l 0  l i nes  are broad and d l f f use .  
debrls I s  a very f l n e  powder. The broad and d i f f u s e  nature o f  the Nl0 l l nes  
suggests tha t  I t  i s  very f lne.  The other un lden t l f l ed  phases may be S102, 





Cr2O3, and splnels. I t  Is l n te res t l ng  t o  note t h a t  XRD resu l t s  o f  an lso- 
thermal ly  ox ld lzed surface o f  IN-718 I n  nonsl ldlng condlt lons a t  800 *C reveals 
on ly  Cr2Og as the ox lda t l on  product. Thls lnd lcates tha t  the s l l d l n g  
ac t i on  a l t e r s  the ox lda t lon  products o f  IN-718 or  a t  l eas t  the degree of 
c r y s t a l l l n l t y ,  p a r t i c l e  slze, and r e l a t l v e  mtxture. 
Nlckel, s l l l c o n ,  oxygen, and carbon d l s t r l bu t l ons  determlned by d l g l t a l  
EDX l l n e  scans i n  the S I C  wear scars a t  350 and 550 .C are presented I n  f l g -  
ures 12 and 13. There I s ,  I n  general, a good co r re la t l on  between N l  and oxy- 
gen, when the  #l I s  hlgh, oxygen I s  a lso  hlgh. Only the N l  d l s t r l b u t i o n  I s  
given because the other  a l l o y  elements fdjlow i n  the same way. T h h  lnd lcates 
t h a t  t he  t rans fer red  a l l o y  elements are pkesent as oxldes due t o  oxldatlon. A 
s lm l la r  c o r r e l a t l o n  between S l  and carbon 1s also present but  I t  t r  less s a t l r -  
fac to ry  due t o  the much greater d l f f l c u l t y  I n  carbon measurement by the  €OX 
method. Also, there appears t o  be no cor re la t lon  between the S I  and oxygen 
d l s t r l b u t l o n  l n d l c a t l n g  l l t t l e  ox lda t lon  of the S I C .  
concluslon because the EOX method may no t  be capable of  detect l r rg  the oxygen 
I n  the t h l n  St02 f l l rns formed on the S I C  gralns. 
Thls evldence a l lows the concluslon that  tne  t rans fer red  atloy elements 
are ox ld lzed whlch i n  t u r n  al lows the ten ta t l ve  concluslon t h a t  the lower f r l c -  
t l o n  a t  550 *C and above I s  due t o  the presence o f  a l u b r l c a t l w  = ta l  oxlde 
f i l m  i n  the  s l l d l n g  contact  area. 
Included I n  f i g u r e  3 are resu l t s  f o r  the s l l d l n g  couples Ii&%IB-IN-718 and 
fused s l l lca- IN-718 a t  25 and 800 O C .  Thls f r l c t l o n  In format ion was obtalned 
a t  a h lgher  l l n e a r  s l l d l n g  ve loc l t y  bu t  i t  may be used f o r  comparatlve pur- 
poses. I t s  Incorporat ion l s  Included, because the  ox lda t lon  o f  S l C  leads t o  
the  formatlon o f  SI02 and IN-718 s l l d l n g  on I t s e l f  ?s a base lane condlt lon. 
I 







A t  25 *C the f r l c t l o n  of  the IN-718-IH-718 couple i s  about constant a t  o r  
near 0.5, wh i le  the  f r l c t i o n  o f  the fused sl l lca-IN-718 s t a r t s  out a t  0.4 aod 
then drops t o  0.3 by 300 m and then remalns constant. Thls l s  the lowest o f  
a l l  th ree  rub block materials. Vlsua'l observatlon through the t rmsparent  
s l l l c a  rub blocks dur lng  s l l d l n g  revealed many b r l g h t  red, h lgh  temperature, 
f l l c k e r i n g  spots a t  t he  s l l d t n g  contact due t o  f r l c t l o n a l  heating. Slnce fused 
s l l l c a  has poor the,-mal conduct lv l t y  compared t o  the a l l o y  or SlE the  metal- 
s l l l c a  In te r face  may reach a hlgher temperature whlch w l l l  produce more oxlde 
formatlon and thereby lower  f r l c t l o n .  However, the wear fac to rs  sf the three 
rub blocks a re  s l g n i f l c a n t l y  d l f f e r e n t  (for the S I C  rub block l.t 4s 3 . 1 ~ 1 0 - ~ ~ ,  
f o r  IN-718 block l t  I s  5.5~70-9 and the fused s l l l c a  2x10-8 cm3/cdkg). 
la rge  wear fac to r  f o r  the fused s l l l c a  shows t h a t  even though 3 t s  f r l c t l o n  Is 
the lowest o f  the three rub block-IN-718 couples does not  necesrar l l y  mean 
t h a t  the wear w l l l  a lso  be tbe lowest. 
The 
A t  800 O C ,  except f o r  the IN-718 up t o  60 m, the c o e f f l c l o a t  o f  f r l c t l o n  
Thls m y  be explalned by the f o r  a l l  three couples I s  approxlmately the same. 
formatlon o f  a l u b r l c a t l n g  scale of the same o r  s lm l l a r  composltIun thus the 
f r l c t l o n  1 s  Independent of the rub block composltlon. A l s o  the  w a r  fac to rs  
are s t rn l lar  8 . 1 ~ 1 0 - ~ *  fo r  the S I C  rub block, 1.3~10-10 f o r  the Fused s l l l c a  
and 5 . 4 ~ 1 0 ' ~  b f o r  the IN-718). 
S l l d l n g  f r l c t l o n  I s  an Important parameter l n  t r lbo iogy ,  but the smooth- 
ness o f  s l l d l n g  I s  a lso  s lgn l f l can t .  
continuous the recordlng o f  the f r l c t l o n a l  torque vers'fs dlstance of  s l l d l n g  
I f  s l l d lng  were completely smooth and 
6 
would be a narrow l l n e  on the recorder chart.  However, thls I s  not  the case, 
I n  f a c t  the  recotdlng has a considerable and var iab le  wldth. The wldth o f  t h l s  
band I s  caused by a s t l c k - s l l p  phenomenon. 
a f t e r  normal s l l d l n g  f o r  a shor t  dlstance, becomes adherent o r  welded t o  the 
r o t a t i n g  d lsk,  t h l s  produces added torque above tha t  caused by the steady-state 
f r l c t l o n .  As t h l s  torque bu l l ds  the recorded f r l c t l o n  Increases. Stress 
bu l l ds  i n  the  weld and f rac tu re  eventual ly occurs, re lear tng  the added torque. 
The amplltude of  t h l s  superlrrrposed torque fac to r  produces the band wldth. 
S t l c k - s l l p  was v l s u a l l y  observed l n  a h lgh  speed movle of a ceramlc-metal 
couple. 
the  weld contr lbutes t o  w a r  o f  the couple, and f r a c t u r i n g  produces wear 
debrls. 
Table I f  I s  a l l s t l n g  o f  band wldth versus s l l d l n g  dtstance f o r  the SlC- 
IN-718 couple. The smaller the band wldth the smoother the  s l ld lng .  The base- 
l l n e  band w ld th  l s  0.01 and Is caused by machlne l r r e g u l a r t t l e s  and e l e c t r l c a l  
nolse. A f t e r  a short run- in  dlstance the band wldth a t  25. 350, and 550 O C  
decreases, however, a t  800 O C  the  values remain hlgh f o r  the  t o t a l  t e s t  
d l  stance. 
erence 16, and IN-718 agalnst SIC i n  a l r  versus temperature. 
was obtalned f r o m  a p l n  on d l sk  t e s t  a t  hlgher l l n e a r  sl9dtng ve loc l t y  bu t  
lower load. 
ture.  There I s  l l t t l e  change f o r  the IN-718 up t o  350 
a t  550 O C .  The IN750 w l th  a hlgher 11 bu t  lower Fe, Mb, and Cr content 
decreases more or less monotonlcaliy up t o  900 O C .  T h l r  t n f o m t l o r c  lndl.cates 
a d i f fe rence I n  s l l d l n g  f r l c t l o n  f o r  the two a l l oys  agaYnst S1C. Thls may be 
due t o  the d l f fe rence i n  amount ( k ine t i cs  o f  ox ldat lon)  and composltlon o f  the 
oxlde scale formed and/or a d i f fe rence i n  the t e s t  ve loc t t l es .  The IN750 t e s t  
was conducted a t  a ve loc l t y  o f  9 m/sec compared t o  0.18 m/sec f o r  the IN-718. 
A t  the h isher  ve loc l t y  a hlgher contact In te r face  temperafure would e x l s t  f o r  
a glven bu lk  temperature and t h l s  could lead t o  lower f r t c t t o n ,  
S l l d l n g  f r l c t l o n  information ( re f .  7) f o r  i r o n  agaflzst pa l yc rys ta l l l ne  SIC 
l n  hlgh vacuum a t  temperatures t u  1200 *C and dlscussed prev lour ly  Is glven In 
f l g u r e  15 along w l t h  the present data f o r  the couple JH-blB-StC s l l d ' ng  I n  a l r .  
Thls shows the large d i f fe rence tha t  atmosphere may have en a s lml la r  couple. 
Change i n  the surface roughness as a consequence o f  s l l d l n g  €48 m a t  
0.18 m/sec and a load of  6.8 kg (67 N) i s  presented i n  fkgure 16 a t  25 t o  
800 O C .  These measurements ciere made a t  a r l g h t  angle to  the  s l t d l n g  d l rec-  
t l o n  or across the wear area. The S I C  rub blocks have a smaller Increase I n  
roughness than the IN-718 d lsk but  both exh lb l t  an increase w l t h  temperature. 
Thls r e s u l t  f o r  the S I C  can be explalned by the Increased element t rans fer ,  
cracks, and ploulng o f  the surface as ieen I n  f lgures 9, 10, and 11. I t  1 s  
suggested tha t  the Increase i n  roughness of  the a l l o y  dtisk t s  caused by oxlde 
bul ldup on the SIC rub blocks which i n  tu rn  scratches and gouges the a l l o y  
surface. A l s o  presented I n  f l g u r e  16 are  roughness data f o r  the IN-718 s l l d -  
l ng  agalnst IK-178 a t  0.5 m/sec f o r  a t o t a l  o f  1800 m a t  25 and 759 "C.  
roughness o f  the d lsk  changed l l t t l e  u h l l e  the block roughness increased w i t h  
temperature . 
I n  t h l s  process the  rub block, 
S t l c k - s l l p  occurs repeatedly over t short t l m e  span. Fractur lng o f  
I 
Flgure 1 4  presents s l l d l n g  f r l c t l o n  Informatton f o r  IR750, taken from r e f -  
The IN750 data 
For both a l l oys  the  f r l c t l o n  decreases w l t h  fncreaslng tempera- 







Table I11 Is a l l s t l n g  of the  wear factors of the S I C  rub blocks and t h e  
IN-718 d lsks.  Figures 17 and 18 are p lo t s  o f  t h l s  data. Flgure 17(b) Is the  
data f o r  the SIC rub blocks and f lgure  18 I s  the correspondlng data f o r  the 
IN-718. Thls chlpplng Is 
aggravated by the r e l a t l v e l y  low f rac tu re  toughness o f  S IC .  Flgure 19 l s  a 
photograph o f  the wear scars on the SIC rub blocks. 
a re  sput te r  coilted w l t h  gold f o r  SEM examlnatlon. 
v l s u a l  progresslon o f  the wldth of the  wear scars w l t h  temperature 1s  c l e a r l y  
evldent. The mlnlmtua scar wldth 1s  a t  550 O C  whlch Is a lso  the po in t  o f  the 
mlntmum wear f a r l o r .  A mlnlrnum I n  the west of the  SIC In the  regSon o f  400 t o  
600 O C  of ~ x ~ O - ~ O  t o  2x1O-l0 cm3/cm/kg l s  suggested. Wear o f  t h l s  magnltude 
Is consldered t o  be q u l t e  small. 
Edge chlpplng o f  the SIC rub blocks was observed. 
The 550 and 800 O C  blocks 
From t h l s  photograph a 
Unpubllshed work o f  tne authors on transparent fused s l l l c a  dctocted a 
Thls seems t o  Ind ica te  mtnlmum wear fac to r  I n  t h l s  same temperature range. 
t h a t  the SI02 formcd on the surface o f  the SIC by ox lda t lon  causes I t  t o  
wear as I f  l t  were Sl02. 
wear t racks on the  dlsks a t  each temperature were determlned by use of area EDX 
analys ls  t o  determlne r e l a t l v e  element t ransfer .  The N l / S l  r a t l o s  l n  the  rub  
b lock scars a t  25, 350, 550, and 800 O C  along w l t h  the correspondlng Sl /Nl  
r a t l o s  I n  the d lsk  wear tracks are  presented I n  f l g u r e  17(a). There i s  a maxi- 
mum o f  metal t rans fer  t o  the SIC rub block and a mlnlmum o f  SI t rans fer  t o  the  
d l sk  a t  550 O C .  I n  t h l s  temperature range a mlnlmum I n  the  wear r a t e  of the 
SlC rub blocks occurs. The Imp l lca t lon  Is  that  the s l l d l n g  cond l t lon  whlch 
produces the rnaxlmum t rans ie r  of  N1 t o  the S I C  and the mlnlmum t rans fer  o f  SI 
t o  the  d l sk  rezu l t s  I n  the l o w e s t  wear of the SIC. I t  was observed tha t  the 
metal elements t ransferred t o  the S I C  rub blocks were always I n  the  same pro- 
p o r t l o n  as I n  the d lsk whlch t rans lates t o  the conclur lon t h a t  no p r e f e r e n t l a l  
a l l c y  element t rans fer  occurred. 
The wear debrls co l lec ted  from the t e s t  chamber a t  t he  end o f  s l l d l n g  was 
chemlcally analyzed f o r  N l  and S i .  
culated and are tabulated i n  tab le  I V .  Calculat lon o f  the N l O / S t C  r a t l o  was 
made posslble f r o m  the XRD informatlon. Both the metal and compound r a t l o s  a t  
25 and 350 O C  are equal, however they decrease a t  550 and 800 'C. Th 's  
lnd lcates tha t  the S i  I n  the wear debrls i s  Increasing r e l a t l v e  t o  the N l  or  
the  N l  I s  decreaslng r e l a t l v e  t o  the S l  a t  temperaturcs o f  350 O C  o r  above. 
If a l l  the N l  Is from wear o f  the IN-718 dlsk and the S I  Is mainly f r o m  the SIC 
rub  block, then the l o g l c a l  conclusion t o  be drawn 1s  the wear r a t e  of the 
IN-718 1 s  decreased r e l a t l v e  t o  the the S I C  a t  temperatures above 350 *C. 
The S i  and Nl content In t he  wear scar on the  SIC rub  blocks and I n  the 
The Nl/SI and NlO/S1C r a t l o s  were c a l -  
D lv ld lng  the wear ra te  factors  ( tab le  111) f o r  the d l sk  by Chose o f  the 
SIC rub block fo r  each temperature glves a dlsk t o  S I C  wear r a t l o .  
r a t l o s  show a trend w l th  temperature s l m l l a r  t o  the above wear debr is  resu l t s ,  
t h a t  I s ,  w i t h  r l s l n g  temperature the wear o f  the d lsk  decreases r e l a t l v e  t o  
t h a t  o f  the S l C .  
These 
' 
v l s l b l e  I n  the SECl images o f  the S I C  wear  s c a r  I n  f lgures 9(b) and (c)  a t  
25 " C .  
detected. 
Both p l a s t l c  deformation and cracklng along w l t h  near debr f r  and pores are 
A t  350 and 550 "C the deformatlon I s  evldent bs t  no cracktng was 




mechanlsms of wear I n  ceramlcs ( r e f .  l e )  and I t Is suggested I t I s  probably 
t r u e  f o r  S l C  as we l l .  
Another cont r lbu t lng  factor  t o  Increased wear o f  cerarnlc mater ia ls  I s  
poros l ty .  
cent I n  poros?ty doubles the wear. Poroslty I n  ceramics leads t o  lower 
s t rength and since wear I s  the r e s u l t  o f  f racture the lowered strength caused 
by poros l ty  produces Increased wear. I t  1s probable t h a t  the  p o r o r t t y  o f  the 
S I C  observed I n  f igures 2(a) and (b) cantr lbutes t o  Increased wear o f  the SIC. 
It i s  reported ( re f .  19) f o r  A1203 t h a t  an Increase o f  10 per- 
CONCLUSIONS 
A f t e r  Inves t iga t ion  o f  the  f r l c t i o n  and wear o f  the  SIC-IN-718 1Ine 
contact  s l l d l n q  couple I n  a l r  the fo l lowlng concluslons have been drawn. 
1. The c o e f f i c l e n t  o f  f r i c t l o n  Is 0.6 a t  25 and 350 "C then drops t o  0.3  
a t  550 and 800 *C. 
2. An Increased t rans fer  o f  a l l o y  elements a t  550 .C and hlgher and oxlda- 
t I o n  t o  a l u b r l c a t l v e  scale I s  suggested as the cause o f  t h e  decrease I n  f r l c -  
t i o n  3 t  the hlgher temperatures. 
3.  A mlnlmum wear r a t e  o f  the SIC of  1 ~ 1 0 ' ~ ~  t o  2 ~ 1 0 - - ~ O  cmtbcra/kq 
was reached +n the  range o f  400 t o  600 "C. ThIs corresponds t o  the  maxlmurn H I  
t rans fer  t o  the  S I C  and the rnlnlmum transfer o f  S I  t o  the  IN-718 dtsk.  
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TABLE I. - NOMINAL COHPOSITION AND DENSITY OF SINTERED a-SIC 
AND IN-718 ALLOY 
a-S IC ,  
Fe 18.5 
T i  .9 
A1 .4 
S i  .3 
Hn .2 
C .04 
N i  53 
5 (by d i f f e r e n c e  Densfty = 8.19 grs/cm 
Fe .3  
C 1 
B u l k  densi ty  P 3.13 grs/cm3 
Theoret lca l  dens i ty  = 3.21 grs/cm3 
Percent o f  t h e o r e t i c a l  
denslty = 97.5 
TABLE 11. - FRICTION COEFFICIENT BAND WIDTH FOR S I C  SLIDING ON 
IN-718 AT o.ie I/~~C 
[6.8 kg (67 N) load, 45 t o  55  percent R H . ]  
Coef f Ic Ien t  o f  F r l c t I o n  Bar '  Width 
I 
Temperature, 
O C  
a l l  22 54 108 216 324 532 540 -- 
25 0.03 0.02 0.03 0.03 3.02 0.01 0.02 0.01 
350 .04 .06 .03 .05 .01 . O l  .02 .U1 
550 .06 .02 .02 .02 .03 .02 -03 -03 
BCO .OG .06 -02 .05 .08 .3'/ -07 .07 










TABLE 111. - 'AVERAGE WEAR FACTORS K (cm3/cm/kg. .3R THE SIC RUE J O C K S  AND 
IN-718 DISKS 
[Linear v e l o c l t y  0.18 m/sec and 67 N (6.8 kg) load.] 
Ratios 
NI /S1  NIOI(S1C 
1 4  12.7 
1 4  12.7 
11.4 10-1 
. 6.2 5.5 
.- 
S I C  rub block,a 
*C 
IN-718 disk. 
O C  
dAverage of  l ? f t  and r l g h t  rt ib blocks. 
TABLE I V .  - WEAR DEBRIS CW- 
POSIT1I:N RATI@S 
. . . . . . - . . .  . .. 
Figure 1. - Double rub block fridim and wBlr t e s t a .  
. --r.-r . -  -- -.I--*- _...  *. 
(01 t‘rewred te5l surface-secondary election dual $EM inugc. Au coaled 
Figure Z - f’hobmicrg.rdphr of SIC terl specimens. 
I 
25% 
o IN418 against Sic at a 18 m h c  
0 IWlSrplinsl IN-718 Jl Q 5  m l r c  




.2 1 t t 1 
0 324 5 4 8 0  324 648 
SIMlng distance, m 
- -  
FLgurc 3. - Ccefficlent of friction Cl for SIC. IN-718,nd furrd silica slidlngagainst IN-min atrat a )cud d & 8 kg 167 N) 
rub M a .  
. .  
Sllding 
1 
GRIGINAL PAGE IS 
OF POOR QUALm 
(1) SUM phdcgraph 
Scan distance - 
6) EDX digital line profile for Ni and Si. 
Figure 4 - SEM and EDX cl IN-718 disk wear track 
after sliding on Sic at 35OOC. 
t 
Scan distance -- 
(bl EDX Digital line profile (Jr Ni and 51  
Figure 5. - SIM and tDX 01 IN-T18dl!k wear track 




fDX scan ttnc 
E 
(a1 SEM photograph Mu coatall. 
I- '-."'-l 
Counts 
Son distance - 
(b) EDX aigilal line prolile la NI and Si. 
Figure 6. -Element dislribulion In Sic wear scar 





. - . - 
S a n  dlrbna - 
A) EDX digibl llne prdlie tor Ni and SI. 
Figure 7. -Element dlstribu:lm In the SIC war 




Secondary el&:: Image Back scatter electron image 
(b) B, ', scatter and secondary electron iwe SEN 
,- 
(c )  Back scatter electron image SE.M 
Fig'ire 8 - SEM imager of Sic wear scar afler sliding epinstl IN-718 at 25 OC. 
B) bdr suitor eledon image SEht 
i 
Secondary electron image Back scatter elecbon image 
(b) Secondary and bat1 scatter images SfM. 
Figure 9. - SEM images d the Sic wear scar after sliding against !&-?I8 at 350 'C. 
Secondaryelectron image Ldc rat te r  electrm imge 
(bl Back sane: and secondary elcctron image SEN 












0)  si. 
Distance. rn 
Figure 12. - EDX Line son 
in SIC war scar test 




Figure 13. - I D X  Lkrc scan 
In the Sicrear SuIr 
test tempenturc d 5% "c. 
i \ '  
0 IN-718 - Velocity 0.18 mlsec; 
I I I I I 1 
0 200 400 600 800 lOa, 
Temperature, OC 
Figure 14 - Friction versus temperature in air at at- 
mospheric pressure for Sic sliding against IN-718 
t n d  IN-750 alloys. 
0 IN-718 in air: velocity Q 18 mlsec: 
a Iror: in vacuum at 30 npa. 10-20 g 
6.8 kg I67 NI load; (45-55s RHJ 
la 1 :o Q? Hi lojd (ref. 7) 
LZ 
0 400 800 1200 
Sliding temperature. OC 
Flgure 15. - Erred of temperalure on friction fw 
sintered polycrystalline a-Sic on metals in 
air and vacuum. 
. . 
- . . .-. - -.. 
IN-718 rub bl@. IN-718 disk 
llao (0.5 mlrw; 1800 m silding distance) -. 
'L IN-718 disk. IN418 ClodrS 







(a18 mlrec: 64; m sliding dlrtanc.) 
SIC rub blodrs 
(a 18 mlsec; 648 m slioing diskice)  
0 so0 I m ,  
Temperature. OC 
Figure It. - Change in surface roughness (Rat of SIC and IN-718 wear 
scars alter sliding against IN-716 at 6.8 kg (67 Nl load, 
I 
lo r 1l0 
.a1 7 . 0 1  




Q) Wmr tutors for SIC rub Mocks. 
Flgure 17. -Wear factors md elemenl transfer for SIC 
sliding ag#lnst IN-118 In rlr from 25 to 800 OC 











Frlctton and Wear of Slntertd Alpha SlC Slldlng 
Agalnst IW-718 Alloy at 25 to GOO .C in 
Atmsphtrlc Alr at Rmblent Pressure 
r. Authorlr) 
Danlel L. Deadmre and Harold E. Sliney 
July 1966 
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